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In wound healing epidermal-dermal interactions
are known to regulate keratinocyte proliferation and
differentiation. To find out how fibroblasts respond to
epithelial stimuli, we characterized fibroblasts in mono-
layer co-culture with keratinocytes. On co-culture nu-
merous extracellular matrix- and smooth muscle cell-
associated gene transcripts were up-regulated in
fibroblasts, suggesting a differentiation into myofibro-
blasts. Increased �-smooth muscle actin (�-SMA) pro-
tein expression in co-cultured fibroblasts started at
approximately day 4, was serum-independent, but re-
quired endogenous transforming growth factor
(TGF)-�. In co-cultures, TGF-� neutralizing monoclonal
antibody strongly reduced �-SMA induction. Endoge-
nous TGF-� production and activation were increased at
24 and 48 hours, requiring, like �-SMA induction, close
keratinocyte-fibroblast proximity. As myofibroblast dif-
ferentiation only started after 4 days, we analyzed the
presence of endogenous inhibitors at early time points.
Blocking keratinocyte-derived interleukin (IL)-1 using
IL-1 receptor antagonist , �-SMA expression in co-
cultures was potentiated. Conversely, adding exoge-
nous IL-1� completely suppressed endogenous �-SMA
induction. In co-cultured fibroblasts strong nuclear fac-
tor-�B binding activity was observed from 2 hours, de-
creasing at 2 and 4 days, suggesting an early, IL-1-
mediated inhibition of TGF-� signaling in co-cultured
fibroblasts. This biphasic differentiation event is regu-
lated by the balance of endogenous TGF-� and IL-1 ac-
tivity and is reminiscent of myofibroblast differentia-
tion at early and later stages of wound healing. (Am J
Pathol 2004, 164:2055–2066)

Epithelial-mesenchymal interactions play a crucial role in
cutaneous tissue repair, tumor invasion, and skin devel-
opment. In development, ectodermal cells depend on

instructive signals from the underlying mesenchyme to
first commit to the epithelial lineage and, subsequently,
form a fully differentiated epidermis with skin appendag-
es.1,2 In adult skin, epithelial-mesenchymal interactions
are involved in maintaining the epidermal barrier function
through tightly regulating the rate of keratinocyte prolifer-
ation and subsequent suprabasal keratinization steps.
Indeed, cues exchanged through those interactions are
critical to skin repair and development, as illustrated by
the biology of the keratinocyte growth factor/keratinocyte
growth factor receptor system.3–6

A paracrine epithelial-mesenchymal stimulatory loop
has been proposed that summarizes most findings in
cutaneous epithelial-mesenchymal interactions.7 For fi-
broblasts, however, a comprehensive picture is still miss-
ing, particularly regarding the molecular changes occur-
ring after stimulation by keratinocytes. Fibroblasts are
viewed as resting in normal skin, but they can become
activated, eg, in tissue repair. On injury, fibroblasts pro-
liferate and migrate into the wounded area, synthesize
new connective tissue, and contract it to facilitate wound
closure. Fibroblasts undergo extensive changes during
wound healing and some fibroblasts start to express
smooth muscle cell markers such as �-smooth muscle
actin (�-SMA) resulting in a phenotype referred to as
myofibroblasts.8,9 The expression of such smooth mus-
cle-related genes in myofibroblasts correlates with an
increased capacity to contract tissue, as demonstrated
for �-SMA.10,11 In early granulation tissue only few myo-
fibroblasts are present, they appear in large numbers at
later stages, arranged in layers parallel to the skin sur-
face. Myofibroblasts disappear after completion of repair,
possibly through selective apoptosis.12 Although the bi-
ology of myofibroblast differentiation in vivo remains to be
precisely defined, transforming growth factor (TGF)-�s in
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conjunction with the expression of ED-A fibronectin have
been identified as key regulators in vitro.13,14

In the complex wound environment, fibroblasts are
subjected to signals from many different cell types. After
the initial inflammatory phase, mostly driven by proinflam-
matory cytokines such as interleukin (IL)-1 and TNF-�
from mononuclear cells, keratinocyte-fibroblast interac-
tions become prominent. In fact, keratinocytes have
some potential to complement the role of mononuclear
cells with regard to synthesis of proinflammatory media-
tors and growth factors.15–18

To characterize keratinocyte-induced changes in fibro-
blasts, we compared the gene expression pattern of
fibroblasts cultured in the presence or absence of kera-
tinocytes. Because of the complexity of in vivo models, we
chose the keratinocyte-fibroblast monolayer co-culture to
define the mechanisms of epithelial-mesenchymal inter-
actions.19 In this model, mutual gene induction pathways
have been identified, forming the basis of fibroblast-de-
pendent paracrine stimulation of keratinocyte prolifera-
tion.16–18

Materials and Methods

Cell Isolation and Culture

Human dermal fibroblasts (HDFs) were obtained from
adult papillary dermis and isolated as previously de-
scribed.16 HDFs from explant cultures were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco
BRL, Eggenstein, Germany) supplemented with 10% fe-
tal calf serum (FCS), 50 �g/ml ascorbic acid, 2 mmol/L
L-glutamine, 100 U/ml penicillin, and 100 �g/ml strepto-
mycin. HDFs were used between passages 6 and 8.
Growth-arrested HDF cells (iHDFs) were obtained by �-ir-
radiation using a dose of 70 Gy.

Normal human keratinocytes were isolated from adult
skin as previously described.16 Keratinocytes were cul-
tured on an irradiated fibroblast feeder layer in FAD me-
dium (DMEM:Ham�s F12, 3:1; Gibco BRL) containing 100
U/ml penicillin, 100 �g/ml streptomycin, 10% FCS, 5
�g/ml insulin, 1 ng/ml epidermal growth factor, 10�10

mol/L cholera toxin, and 24 ng/ml adenine. Keratinocytes
were used at passage 4 in these experiments.

The human keratinocyte cell line, HaCaT,20 was kindly
provided by Prof. Dr. N.E. Fusenig (Deutsches Krebfors-
chungzentrum (DKFZ), Heidelberg, Germany). HaCaT
keratinocytes were cultured in DMEM supplemented with
100 U/ml penicillin, 100 �g/ml streptomycin, 10% FCS, 50
�g/ml ascorbic acid, 2 mmol/L L-glutamine. HaCaT ker-
atinocytes were used between passages 40 and 60.
Cultures were set up in plastic cell culture dishes or on
Labtek II slides (Nunc, Wiesbaden, Germany) for immu-
nofluorescence studies. Transwell inserts were obtained
from BD (Heidelberg, Germany).

Mink lung epithelial cells transfected with the plasmin-
ogen activator inhibitor-1 (PAI-1)/luciferase (PAI/L) re-
porter construct21 were kindly provided by Dr. D.B. Rifkin
(New York University Medical Center, New York, NY). The
cells were cultured in DMEM supplemented with 10%

FCS, L-glutamine (2 mmol/L), Hepes (10 mmol/L), and
geneticin (250 �g/ml). Cells were used between passage
8 and 35.

Antibodies, Growth Factors, and Inhibitors

The mouse anti-�-SMA monoclonal antibody (clone
1A422), the MOPC 21 isotype control and rabbit poly-
clonal anti pan-cadherin antibodies were purchased from
Sigma (Deisenhofen, Germany). Human platelet-derived
and recombinant TGF-�1, IL-1 receptor antagonist, IL-
1�, and the neutralizing mouse anti-TGF-�1, -2, -3 (clone
1D11) monoclonal antibody were purchased from R&D
Systems (Wiesbaden-Nordenstadt, Germany). Neutraliz-
ing rabbit anti-human IL-1� and -� antibodies were pur-
chased from PreproTech (PreproTech-TEBU, Offenbach,
Germany). Hybridoma cells expressing the mouse anti-
human integrin �1 monoclonal antibody (clone TS
2/7.1.123) were obtained from American Type Culture
Collection (Manassas, VA). The anti ED-A fibronectin
(clone IST-914) and collagen IV (clone M3F7) monoclonal
antibodies were kindly provided by Prof. Dr. L. Zardi
(University of Genua, Genua, Italy) and the Developmen-
tal Study Hybridoma Bank (University of Iowa, Iowa City,
IA), respectively. Cy3-coupled sheep anti-mouse IgG
was obtained from Sigma. Horseradish peroxidase-cou-
pled rabbit anti-mouse IgG was purchased from DAKO
Diagnostika (Hamburg, Germany). Alexa 594-nm goat
anti-mouse and Alexa 488-nm-coupled goat anti-rabbit
IgG were purchased from Molecular Probes (Göttingen,
Germany).

Co-Culture Experiments

For establishment of co-cultures, iHDFs or HDFs were
plated at a density of 1.5 � 104 cells/cm2 in 15-cm tissue
culture dishes (2.5 � 106 cells/dish) or in six-well plates
(1.25 � 105/well), and incubated in DMEM and 10% FCS
for 24 hours. Normal human keratinocytes or HaCaT cells
were added, at a 1:6 ratio (keratinocytes:fibroblasts),
yielding a density of 2.5 � 103 keratinocytes/cm2, and
allowed to attach overnight. For co-cultures with normal
human keratinocytes FAD medium containing 10% FCS
was used and for co-cultures with HaCaT cells DMEM
with 10% FCS or 0.5% FCS as indicated. Serum-free
medium consisted of DMEM supplemented with insulin
(6.25 �g/ml), transferrin (6.25 �g/ml), selenious acid
(6.25 ng/ml), bovine serum albumin (BSA) (1.25 mg/ml),
linoleic acid (5.35 �g/ml) (ITS� supplement, BD, Heidel-
berg, Germany). To physically separate keratinocytes
from fibroblasts in co-cultures, HaCaT cells were seeded
in the upper compartment of transwell chambers and
fibroblasts plated in the lower compartment. For growth
factor stimulation or inhibition experiments, after HaCaT
keratinocyte attachment, cultures were washed in DMEM
without FCS followed by addition of fresh DMEM/0.5%
FCS containing growth factors or inhibitors at the indi-
cated concentration. Medium was subsequently re-
placed every 2 days.
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Isolation of Fibroblasts from the Keratinocyte-
Fibroblast Co-Cultures

Two methods of fibroblast separation were used. The first
method used immunoseparation using anti-�1-integrin
mouse monoclonal antibody bound to Dynal 450 sheep
anti-mouse IgG paramagnetic beads (Dynal, Hamburg,
Germany). Cultures were washed and the paramagnetic
beads were added in phosphate-buffered saline
(PBS)/1% BSA in a sixfold excess (beads:fibroblasts).
After binding and inspection under the phase contrast
microscope to verify specificity of labeling, cells were
washed and trypsinized. The keratinocyte-fibroblast sus-
pension was separated by magnetic force retaining fibro-
blasts. Alternatively, the co-cultures were incubated in
PBS-ethylenediaminetetraacetic acid (0.05% w/v) with
gentle dislodging of the mesenchymal cells, selectively
separating fibroblasts from the still attached keratino-
cytes.16

cDNA Microarray Chip Analysis

iHDFs were immunoseparated from primary keratino-
cytes as described above and the efficiency was verified
by replating aliquots of the isolated cell population on a
Petri dish. Contaminating keratinocytes accounted for
less than 1% of the isolate. Total RNA was isolated ac-
cording to the acid guanidinium isothiocyanate-acid phe-
nol protocol.24 Polyadenylated RNA was obtained ac-
cording to the manufacturer’s instructions with
Dynabeads Oligo (dT)25 (Dynal). Poly-A� RNA samples
(7.5 �g each) were then analyzed using the human GEM
IV cDNA microarray (Genome Systems-Incyte Pharma-
ceuticals, Palo Alto, CA).

Northern Blotting

Total RNA was isolated from immunoseparated fibro-
blasts with Qiagen RNA columns (Qiagen, Hilden, Ger-
many). Ten �g of total RNA were size fractionated and
blotted onto nylon membranes. The Readiprime II ran-
dom-labeling system from Amersham Pharmacia Biotech
(Freiburg, Germany) was used to label the following
cDNA probes: collagen (I)-�1, a 1400-bp EcoRI cDNA
fragment; PAI-1 probe (kindly donated by Prof. Dr. K.
Preissner, Giessen, Germany); IL-6, a 560-bp EcoRI/PstI
fragment (kindly provided by Dr. L.T. May, New York,
NY); MCP 1 cDNA (gift from Dr. T. Yoshimura, National
Cancer Institute, Bethesda, MD); and GAPDH, a 1400-bp
EcoRI fragment (kindly provided by Dr. E. Schwarz,
DKFZ, Heidelberg, Germany). Hybridization was per-
formed using Hybrimax solution (Ambion, Huntingdon,
UK). Radioactive signals were visualized on X-ray films.

Electrophoretic Mobility Shift Assays (EMSAs)

Confluent fibroblast cultures were stimulated by seeding
5 � 103 HaCaT cells/cm2 (2 and 4 day values). For
short-term stimulations, HaCaT cells were seeded onto

Cytodex 3 microcarrier beads (Sigma) and HaCaT kera-
tinocytes on the microcarrier beads were added to the
fibroblasts cultures allowing direct cell-cell contact. Par-
allel fibroblast cultures without HaCaT cells served as
control. After 2, 4, and 6 hours or after 2 and 4 days,
fibroblasts were separated from the keratinocytes either
by removing the beads or by PBS/ethylenediaminetet-
raacetic acid treatment. Nuclear extracts were prepared
according to Dignam and colleagues.25 Each nuclear
extract containing 5 �g of protein was preincubated with
poly (dI-dC) for 15 minutes. To test for nuclear factor
(NF)-�B binding activity the mixture was then incubated
with a 32P-labeled double-stranded 30-bp probe from the
mouse � light chain enhancer containing one NF-�B
site.26 Samples were run on a 4% polyacrylamide gel and
analyzed by autoradiography.

Detection and Quantification of �-SMA Protein

For immunofluorescence studies, cells were cultured on
Labtek II slides and fixed in 100% methanol. After block-
ing (PBS-10% FCS/1 hour at room temperature), anti-�-
SMA antibody (1:400/PBS-1% FCS) was incubated for 1
hour at room temperature or overnight at 4°C. To identify
keratinocytes, a Rb anti-pan-keratin polyclonal prepara-
tion (1:250, DAKO) was co-incubated. After three PBS
washes Alexa 488 goat anti-rabbit (1:500) and Alexa 594
goat anti-mouse (1:500) were incubated for 1 hour. Nu-
clei were counterstained with 4,6-diamidino-2-phenylin-
dole (1 �g/ml). After washes, slides were mounted using
FA mounting fluid (BD, Heidelberg, Germany). A Nikon
Eclipse 800 microscope coupled to a digital camera
(Nikon, Düsseldorf, Germany) in conjunction with image
analysis software (Lucia G MV1500; Laboratory Imaging,
Czechoslovakia) was used.

For Western blotting, PBS/ethylenediaminetetraacetic
acid-separated iHDFs from co-cultures, as well as control
iHDFs, were lysed in RIPA buffer and protein concentra-
tion determined using the BCA kit (Pierce, Rockford, IL).
Samples (2.5 to 5 �g protein per lane) were resolved on
duplicate 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. One gel was blotted, the other was
stained to confirm equal loading. Transfer efficiency was
verified by using Ponceau Red staining (Sigma). After
blocking [PBS/5% (w/v) nonfat milk powder/0.5% Tween
1 hour at room temperature] 1:3000 diluted mouse anti-
�-SMA was added for 1 hour followed by three washes in
PBS-0.5% Tween (v/v). Bound primary antibody was de-
tected using peroxidase-coupled Rb anti-mouse (1:1500)
and subsequent chemiluminescence (ECL; Amersham/
Pharmacia Biotech, Freiburg, Germany). Chemilumines-
cent signals were visualized on X-ray films.

PAI-1/Luciferase (PAI/L) TGF-� Bioassay

The PAI/L bioassay for active TGF-� was performed as
described.21 For the PAI/L assay, a truncated TGF-�-
inducible PAI-1 promoter had been fused to a firefly
luciferase reporter gene and subsequently transfected
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into mink lung epithelial cells generating a highly sensi-
tive, TGF-�-responsive cell line. The PAI/L assay mea-
sures active TGF-�1, -2, and -3, and the detection limit is
�5 pg/ml.21

Mink lung epithelial cells were plated into 96-well
plates (1.6 � 104/100 �l/well) in complete DMEM and
incubated for 4 hours at 37°C. Then, the serum-contain-
ing medium was replaced with 100 �l of the TGF-�-
containing, serum-free conditioned media [DMEM con-
taining 0.1% pyrogen-poor BSA (PAA Laboratories,
Cölbe, Germany), Hepes (10 mmol/L), and L-glutamine (2
mmol/L); DMEM-BSA medium]. To generate standard
curves for TGF-� activity, serial dilutions of recombinant
human TGF-�1 (0 to 500 pg/ml) in DMEM-BSA medium
were added to the cells in place of conditioned media.
Conditioned media and TGF-� standards were incubated
in triplicate with the cells overnight at 37°C. The cells
were then washed in PBS and lysed in 100 �l of luciferase
cell lysis buffer (BD Biosciences, Heidelberg, Germany)
for 20 minutes at room temperature. Forty-five �l of the
lysates were transferred into a Microlite 96-well plate, and
luciferase activity in the lysates was determined using a
MLX microtiter plate luminometer (Dynex Technologies,
Chantilly, VA). Luciferin was obtained from Biosynth
(Staad, Switzerland).

Results

HDFs Co-Cultured with Human Keratinocytes
Alter Their mRNA Expression Profile

To characterize the response of fibroblasts to interaction
with epidermal cells, we compared the mRNA expression
pattern of irradiated human dermal fibroblasts (iHDFs)
cultured in the presence or absence of normal human
keratinocytes. After co-culture for 4 days, iHDFs were
isolated from keratinocytes via their exclusive �1-integrin
expression by anti-�1-integrin-specific paramagnetic
bead separation. This yielded a very pure iHDF popula-
tion, as judged from replated aliquots, with less than 1%
keratinocyte contamination. After poly-A� RNA extraction
from co-cultured as well as control iHDFs, we compared
the mRNA expression pattern using a Genome Systems
cDNA microarray chip.

Among the 7200 genes examined, more than 100 were
either significantly up- or down-regulated in the co-cul-
tured iHDFs, compared with iHDFs from mono-cultures.
Induction or down-regulation by a factor of two was con-
sidered significant (Table 1).27 The majority of the regu-
lated genes could be grouped into four categories:
growth factors and inflammatory mediators, extracellular

Table 1. Changes in Gene Expression in iHDF Co-Cultured with Primary Keratinocytes

Proteases and inhibitors Extracellular matrix components

Fold Gene GenBank Id Fold Gene GenBank Id

Up-regulated genes
5.9 PAI 1 (PI) X04429 5 Collagen V alpha 3 AI740960

4.9 Collagen IV alpha 1 M26576
4.9 Hyaluronan synthetase 2 (PG) W49820
3.4 Lysine hydroxylase 2 NM_000935
2.8 Transglutaminase 2 AL031651
2.6 Collagen V alpha 1 M76729
2.3 Collagen I alpha 1 AW577407
2.3 Tenascin C (GP) X78565
2.1 Decorin (PG) M14219
2 Collagen VI alpha 3 NM_004369
2 Syndecan 2 (PG) AW951095

Down-regulated genes
4.03 Cathepsin K (P) NM_000396 17 Fibulin 4 U03877
3.04 Cathepsin L (P) AI041851 8.04 Testican (PG) AF231124
3.01 Cathepsin L2(P) AB001928 7 Tenascin XA (GP) U24488

5 Fibulin 1 AW630695
3.01 Glypican 1 NM_002081
2.02 Thrombospondin 2 (GP) NM_003247

Cells were cultured for 4 days in FAD-10% FCS. RNA was isolated from control iHDF and co-cultured iHDF after immunoseparation via their unique
�1-integrin expression. Differential mRNA expression was analyzed using a Genome Systems cDNA microarray chip. More than 100 genes of �7200
tested, were found to be differentially regulated. The genes have been clustered according to their potential function. PI, protease inhibitor; PG,
proteoglycan; GP, glycoprotein; P, protease.
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matrix (ECM)-related constituents and enzymes, pro-
teases and their inhibitors, and cytoskeletal components.

Many genes associated with inflammatory responses,
eg, the chemokines ENA-78, and MCP-1, IL-6, LIF, G-
CSF, M-CSF, or COX2 were up-regulated in co-cultured
iHDFs. Increased expression of genes encoding profi-
brotic and fibroblast-activating growth factors was ob-
served. Thus, expression of activin A, a TGF-� family
member, CTGF, a downstream mediator of TGF-�, and
endothelin 1 were all up-regulated. In the ECM and pro-
teases category, several interstitial collagen genes,
collagen (I) �1, collagen (V) �1 and �3, and collagen (VI) �3
were induced as well as the basement membrane colla-
gen (IV) �1. Several other constituents of the ECM, tena-
scin C, decorin, and syndecan 2 were induced, whereas
fibulin 1 and 4, glypican, and thrombospondin 2 were
down-regulated. mRNA levels of collagen-modifying en-
zymes, lysyl hydroxylase and transglutaminase 2, which
modify ECM molecules and stabilize the ECM by intro-
ducing cross-links, were increased. Plasminogen activator
inhibitor-1 (PAI-1), a well-known TGF-� target gene, was
strongly up-regulated, whereas several potent proteases,
cathepsins L, L2, and K were down-regulated. In iHDFs
co-cultured with keratinocytes, genes associated with the
contractile apparatus of smooth muscle cells were also
induced, eg, �-SMA, myosin light chain kinase, calponin,
as well as tropomyosin 1 and 2, as were genes involved in
the formation of stress fibers and focal adhesions, eg,
vasodilator-stimulated phosphoprotein, integrin �1 and �5
chains, and SM22-�.

Similar results were obtained with HaCaT cells, a hu-
man keratinocyte cell line, using Northern blotting. In
fibroblasts co-cultured with HaCaT cells, profibrotic
markers [PAI-1 and collagen (I) �1] were found to be
up-regulated (Figure 1). The induction of IL-6 is consis-

Table 1. Continued

Cell-cell signaling associated Cytoskeleton associated

Fold Gene GenBank Id Fold Gene GenBank Id

11 ENA 78 NM_002994 3.3 SM22 alpha AF013711
9.7 MCP1 M26683 3 Integrin alpha 1 X68742
7.4 Activin A M13436 2.9 Tropomyosin 2 beta M75165
5.3 LTBP 1 NM_000627 2.7 Tropomyosin 1 alpha Z24727
4.2 Interleukin 6 M54894 2.5 VASP NM_003370
3.7 CTGF U14750 2.5 Calponin 1 (Basic) NM_001299
3.3 HB-EGF AC004634 2.4 Smooth muscle actin alpha2 X13839
2.9 Endothelin 1 NM_001955 2.3 n-chimaerin X51408
2.9 Angiopoetin 1 D13628 2.1 MLCK AW951177
2.6 WNT 5A L20861 2.1 Integrin alpha 5 NM_002205
2.6 LIF X13967
2.4 COX 2 D28235
2.3 GCSF M17706
2.1 WNT 2 NM_003391
2 Dickkopf 3 AB033421

6.08 TGF beta receptor III AJ251961 2.09 Integrin alpha 4 NM_000885
5.06 Prostaglandin F Receptor NM_000959
3.05 Follistatin NM_006350
2.08 GP130 Receptor NM_002184
2.07 Osteoprotegerin Receptor U94332
2.03 Prostacyclin D83402
2.02 Toll Receptor 4 NM_003266
2.02 EGF Receptor NM_003247
2.01 HGF Receptor X54559
2.01 MCSF M11296
2

Stromal cell-derived factor L36033

Figure 1. Differential gene expression in fibroblasts on co-culture with
HaCaT keratinocytes. RNA from iHDFs cultured in the absence (�) or
presence of HaCaT cells (�) was prepared after 4 days. Ten �g of total RNA
was hybridized to probes indicated on the left. The experiments were
performed with three different fibroblast strains each revealing a clearly
visible up-regulation of IL-6, PAI-1, and collagen type I in the co-cultured
iHDF strains. For collagen type I, the exposure time was extremely short,
hence the very weak band in iHDF without HaCaT cells. These results
correlated well with the cDNA microarray hybridization experiment.
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tent with previous experiments involving keratinocyte-fi-
broblast co-cultures.16

Co-Culture with Keratinocytes Induces
Myofibroblast Differentiation

The mRNA expression analysis showed an up-regulation
of smooth muscle cell-associated markers and ECM-
related genes in co-cultured fibroblasts, indicating that
iHDFs responded to the co-culture conditions with a dif-
ferentiation into myofibroblasts. Because �-SMA is con-
sidered to be characteristic for myofibroblast differentia-
tion,9 we used the well-characterized 1A4 monoclonal
antibody to detect �-SMA protein.22 We first investigated
co-cultures with primary keratinocytes and fibroblasts for
emergence of �-SMA-positive myofibroblasts. Indeed,
there was an increase of �-SMA expression in co-cul-
tured mesenchymal cells at 6 days but not in fibroblast
control cultures (Figure 2A). To investigate myofibroblast
differentiation in more detail and under more standard-

ized conditions, we used HaCaT keratinocytes because
this cell line is very well characterized in vitro as well as in
tissue transplants.20,28,29 After 7 days of culture, using
immunofluorescence and Western blotting to detect
�-SMA protein, a more than sixfold increase in �-SMA
expression was seen in iHDFs co-cultured with HaCaT
keratinocytes as compared to iHDFs cultured alone (Fig-
ure 2B, top versus middle and lower row; Figure 3, middle
lane), confirming the results of our microarray analysis.
Myofibroblast differentiation was also observed in prolif-
eration competent fibroblasts. The ratio of HaCaT kera-

Figure 2. A: �-SMA protein induction in co-cultured iHDFs. iHDFs were
cultured in the absence or presence of primary normal human epidermal
keratinocytes (NHEKs) for 6 days and stained for �-SMA expression. B: Time
course experiments of �-SMA expression were done in iHDFs cultured with
or without HaCaT keratinocytes in medium containing either 10% or serum-
free medium, indicated on the left. Cultures were immunostained for �-SMA
expression (red) and pan-keratin (green) after 1, 4, and 7 days. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole (blue). At approximately
day 4, a clear increase of �-SMA-positive iHDF cells was seen in co-cultures.
After 7 days, the majority of iHDFs expressed �-SMA. Myofibroblast differ-
entiation in the co-cultures appeared to be independent of exogenous
growth factors.

Figure 3. Top: �-SMA induction in co-cultured iHDFs requires close prox-
imity of keratinocytes and fibroblasts. iHDFs were co-cultured with HaCaT
cells in transwell chambers preventing direct cell-cell contact, yet, permitting
interactions via diffusable mediators (left lane). Monolayer co-cultures with
direct cell-cell contact in the presence (middle lane) or absence of HaCaT
cells (right lane) in medium containing 10% FCS. After 7 days, iHDFs were
isolated from the co-cultures and �-SMA expression was detected by Western
blotting. A Coomassie-stained parallel gel is shown at the bottom. The
experiment shown represents a typical blot obtained in three independent
experiments. Data represent the mean value � SEM of three independent
experiments. �-SMA levels in co-cultures were set at 100%.
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tinocytes/fibroblasts had to be adjusted to 1:3, respec-
tively, to avoid overgrowth of the HaCaT cells. The extent
of �-SMA-expressing cells as well as the kinetics of ap-
pearance were comparable to growth-inhibited, irradi-
ated fibroblasts (data not shown). Furthermore, staining
for ED-A fibronectin as well as for collagen IV revealed
increased deposition of ECM components in co-cultures
compared with fibroblast monocultures. For ED-A fi-
bronectin a diffuse deposition pattern was observed
within the fibroblast populated areas but not the keratin-
ocyte colonies, whereas collagen IV staining was con-
fined to the zone surrounding the keratinocyte colonies
with close proximity to fibroblasts (data not shown).

Fibroblast to Myofibroblast Differentiation Is
Independent of Exogenously Added Factors but
Requires Close Proximity to Keratinocytes

The myofibroblast differentiation in response to co-cul-
ture with keratinocytes was also observed in the absence
of serum pointing to an endogenous regulatory mecha-
nism. Throughout the 7 days of culture, the fraction of
�-SMA-expressing iHDFs did not differ in co-cultures per-
formed in the presence of either 10% serum or serum-
free DMEM supplemented with insulin, transferrin, sele-
nium, BSA, and linoleic acid (Figure 2, middle and lower
row). However, �-SMA-expressing myofibroblasts were
scarce before day 4 in co-cultures.

In addition, we noted a strong dependence on cell
proximity of both cell populations. Stainings with anti
pan-cadherin antibodies suggested the presence of
some junctional complexes between HaCaT keratino-
cytes and surrounding fibroblasts after 7 days of co-
culture. Furthermore, when keratinocytes were seeded in
cloning rings onto iHDFs, only fibroblasts adjacent to the
keratinocyte colonies started to express �-SMA (data not
shown). When cultured physically separated using trans-
well culture inserts, the number of �-SMA-positive fibro-
blasts did not increase and was comparable to control
cultures (Figure 3, left lane).

Myofibroblast Differentiation in Keratinocyte-
Fibroblast Co-Cultures Requires Endogenous
TGF-� Activity

TGF-� is a well known inducer of myofibroblast differen-
tiation.13 In addition, the profibrotic gene expression pat-
tern and the induction of PAI-1 in these co-cultures sug-
gested the generation of active TGF-�. We therefore
added a monoclonal antibody neutralizing all three iso-
forms of TGF-� to the co-cultures and used �-SMA as a
surrogate marker for fibroblast-myofibroblast differentia-
tion. More than 60% of the �-SMA induction could be
blocked by the neutralizing TGF-� antibody (Figure 4, left
lane). The MOPC 21 isotype control had no inhibitory
effects on �-SMA expression levels (data not shown). We
determined TGF-� levels in keratinocyte-fibroblast co-
cultures. Using the PAI-1/luciferase (PAI/L) bioassay, we
measured latent and activated TGF-� in supernatants of

co-cultures with different ratios of HaCaT keratinocytes
and fibroblasts as well as in the respective monocultures
(Figure 5, left).

Monocultures of HaCaT cells and fibroblasts produced
latent TGF-� in the range of 200 pg/ml and 600 pg/ml,
respectively (Figure 5, middle). The luciferase signal elic-
ited by the conditioned media in the PAI/L bioassay was
almost completely quenched by neutralizing, pan-spe-
cific anti-TGF-� antibodies (data not shown) indicating
the specificity of the above measurements. Both cell

Figure 4. Top: Inhibition of endogenous TGF-� represses �-SMA induction
in co-cultured iHDFs. iHDFs were cultured in the presence (�) or absence
(�) of HaCaT cells for 7 days. A neutralizing monoclonal antibody against
the TGF-� isoforms 1, 2, and 3 (10 �g/ml, left two lanes) or plain culture
medium (0.5% FCS, right two lanes) were added to the co-cultures. Me-
dium was changed every 2 days. �-SMA expression was assessed by Western
blotting and the MOPC 21-isotype control antibody had no effect in HaCaT-
iHDFs or iHDF control cultures (data not shown). A Coomassie-stained
parallel gel is shown at the bottom. A representative blot is shown out of
three independent experiments. Data represent the average � SEM of three
independent experiments. �-SMA levels in co-cultures were set at 100%. The
neutralizing TGF-� antibody inhibited �-SMA induction significantly but not
completely in co-cultures.
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types generated low amounts (� 5 to 10 pg/ml) of acti-
vated TGF-� family members (Figure 5, right). In contrast,
co-cultures of both cell types produced 32.5 pg/ml of
active TGF-� after 24 hours and up to 63 pg/ml after 48
hours with a cell ratio of 50:50 being optimal (Figure 5,
right). This indicates that both cell types are required for
efficient TGF-� activation. Total TGF-� production in co-
cultures was also up-regulated. When HDFs and HaCaT
cells were physically separated in the co-cultures using
transwell inserts, latent TGF-� activation as well as the
induction of total TGF-� production were almost com-
pletely abolished (Figure 5, bottom). These results indi-
cate the requirement of close cell proximity for latent
TGF-� activation and are consistent with �-SMA induction
by endogenous TGF-�.

IL-1 Inhibits Myofibroblast Differentiation in
Fibroblasts Co-Cultured with Keratinocytes

Whereas significant TGF-� activity was detected after 24
and 48 hours in co-cultures, �-SMA induction was only
clearly detectable on day 4 suggesting an endogenous
inhibitor in early stages of co-culture. In keratinocyte-
fibroblast co-cultures, keratinocyte-derived IL-1 has been
shown to play a crucial regulatory role in the stimulation of
gene expression in fibroblasts.18 Searching for an en-
dogenous inhibitor at early time points of co-culture, we
perturbed the action of keratinocyte-derived IL-1 with an
excess of IL-1 receptor antagonist (IL-1RA). There was
an increase of 60% after 4 days and 50% after 7 days for
�-SMA expression in co-cultured fibroblasts compared
with co-cultured fibroblasts without IL-1 inhibition (Figure
6A, 4 and 7 day experiments). These data suggest that
endogenous IL-1 antagonizes the TGF-�-mediated
�-SMA induction in co-cultures. Because activated NF-
�B, an IL-1-inducible transcription factor, was shown to
inhibit TGF-� signaling30,31 we determined NF-�B bind-
ing activity in co-cultured and control fibroblasts. There
was a strong activation of NF-�B in fibroblasts as early as

2 hours after contact with HaCaT cells, which peaked at
6 hours, followed by a significant decline throughout the
following 7 days (Figure 7A). Additional experiments
showed that NF-�B activation was predominant because
of keratinocyte-derived IL-1�. Adding IL-1RA, and neu-
tralizing anti IL-1� antibodies prevented NF-�B activation
in the fibroblasts co-cultured for 6 hours. Blocking IL-1�
also inhibited NF-�B activation but less efficiently com-
pared with neutralizing anti IL-1� antibodies (Figure 7B).
Addition of exogenous IL-1� to co-cultures resulted in an
almost complete inhibition of �-SMA induction (Figure 6B,
left lane and third lane from left), in line with the obser-
vation made with IL-1RA.

To test whether keratinocyte-derived IL-1� inhibited
TGF-�-mediated �-SMA induction we stimulated fibro-

Figure 5. Induction of latent TGF-� production and TGF-� activation in
HaCaT-HDF co-cultures. A total of 105 cells were plated, at various ratios of
HDF to HaCaT cells, into 24-well plates. The relative cell percentages are
indicated at the left. Cells had direct cell-to-cell contact (top) or were
separated by transwell inserts (bottom). Conditioned media (serum-free
DMEM containing 0.1% pyrogen-poor BSA) were collected after 48 hours and
analyzed for total (after heat activation, middle column) and active (right
column) TGF-� activity using the PAI/L bioassay. Data represent the mean
value � SEM of two to six experiments each analyzed in triplicate. Efficient
latent TGF-� activation only occurred in co-cultures and required direct
cell-to-cell contact.

Figure 6. Inhibitory effects of IL-1 on �-SMA expression in HaCaT-iHDF
co-cultures. iHDFs were cultured in the presence or absence of HaCaT cells
in medium containing 0.5% FCS. IL-1RA (200 ng/ml) (A) and IL-1� (0.2
ng/ml) (B) were added to cultures. Medium was changed every 2 days.
�-SMA expression was assessed by Western blotting. A: �-SMA expression
was already increased after 4 days of co-culture and remained elevated up to
7 days when IL-1RA was present. The weak band intensity in the 7-day panel
(A) is because of under-exposure to allow for visualization of up-regulated
�-SMA expression in the IL-1RA-treated cultures. A Coomassie-stained par-
allel gel is shown in each bottom panel. Three independent experiments
were performed and values represent the average � SD of three independent
experiments. �-SMA levels in co-cultures were set at 100%. Blocking endog-
enous, keratinocyte-derived IL-1 augmented �-SMA expression, whereas
exogenous IL-1� in co-cultures strongly inhibited �-SMA expression.
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blast monocultures with TGF-� at 0.5 ng/ml and 5.0 ng/ml
with or without a 0.2 ng/ml-IL-1� co-stimulation. In these
experiments �-SMA induction by TGF-� was inhibited by
�75% by IL-1�. This was observed for both TGF-� doses
used (Figure 8B). Our data indicate that fibroblast differ-
entiation to myofibroblasts is induced by co-culture with
keratinocytes and regulated by the balance of endoge-
nous TGF-� and IL-1.

Discussion

Skin development involves epithelial-mesenchymal inter-
actions from early developmental stages onwards. Later
in adult life, these interactions still take place and partic-
ipate in the regulation of skin homeostasis. Metabolic
activity of skin cells as well as epithelial-mesenchymal

interactions become activated after injury or in skin dis-
eases. Although epithelial-mesenchymal interactions are
known to regulate keratinocyte functions, it is not known
how they affect fibroblasts.

We chose an in vitro model, the keratinocyte-fibroblast
monolayer co-culture for this study.19 This model facili-
tates the investigation of keratinocyte influences on the
co-cultured fibroblast phenotype while omitting superim-
posed, additional influences present in intact skin or the
whole organism. In this model, keratinocytes are seeded
on irradiated fibroblasts. Irradiation blocks fibroblast pro-
liferation, thus preventing them from overgrowing keratin-
ocytes, while leaving their metabolic capacity mostly un-
changed.32,33 In this model, mutual gene induction in
keratinocytes and fibroblasts has been described ini-
tially. Keratinocytes induce fibroblasts to produce growth
factors which in turn stimulate keratinocyte proliferation
and keratinization.16,19,34 For subsequent experiments
we used the human HaCaT keratinocyte line.20 This cell
line is considered to closely represent human primary
keratinocytes.16,18,20,28,29

Using this complex tissue culture model, we were able
to demonstrate that fibroblasts profoundly modify their

Figure 7. Keratinocyte-derived IL-1 induces NF-�B activation in co-cultured
fibroblasts. In A, fibroblasts were cultured in the presence or absence of
HaCaT cells for different times in medium containing 10% FCS. Nuclear
extracts from the mesenchymal cells were analyzed for NF-�B-binding ac-
tivity by EMSA. The shifted complexes are indicated at the left. The 7-day
autoradiograph was derived for a separate experiment carrying the 2-hour
values as internal standards for exposure times. The EMSA experiments show
a strong NF-�B activation in co-cultured fibroblasts, yet, with culture time the
signal intensity decreased despite increasing HaCaT cell numbers. In B,
HaCaT keratinocytes were co-cultured with fibroblasts for 6 hours with or
without IL-1RA and neutralizing antibodies as indicated. Fibroblasts alone
were included as a negative control. From the neutralization experiments
IL-1� seems to be the main inducer of NF-�B activation in co-cultured
fibroblasts. The experiments were performed two times independently
showing comparable results.

Figure 8. Keratinocyte-derived IL-1 blocks TGF-�-mediated induction of
�-SMA in fibroblast monocultures. IL-1� was added to fibroblast monocul-
tures (0.2 ng/ml) stimulated with different concentrations of TGF-�1. Me-
dium was changed every 2 days. �-SMA expression was assessed by Western
blotting. Co-stimulation of IL-1 and TGF-� blocks TGF-�-mediated �-SMA
induction, suggesting interference with TGF-�-mediated transcription. Val-
ues represent the average � SD of three independent experiments. �-SMA
levels in co-cultures were set at 100%.
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phenotype on co-culture with keratinocytes. First, fibro-
blasts in co-culture were induced to establish new con-
nective tissue. This was characterized by increased gene
expression of ECM constituents such as several collag-
ens, interstitial as well as basement membrane types,
numerous proteoglycans and glycoproteins and, finally,
enzymes associated with ECM processing and matura-
tion These results are consistent with our previous work
demonstrating induction of basement membrane compo-
nent expression on activation of epithelial-mesenchymal
interactions.35 In addition, increased expression of the
protease inhibitor, plasminogen activator inhibitor 1
(PAI-1) together with the decreased expression of several
potent proteases points toward decreased proteolytic
activity in co-cultures. However, MMP-1 mRNA levels and
pro-MMP forms were shown to be induced in keratino-
cyte-fibroblast co-cultures (unpublished observations).16

Still, the net effect seems to be an increase in ECM
production and deposition as shown here for ED-A fi-
bronectin and collagen IV. Although these experiments
do not strictly reflect ECM synthesis rates, only deposited
ECM is considered to provide instructive signals to the
cells or augment TGF-� activity. Most interestingly, sev-
eral genes associated with the contractile apparatus of
smooth muscle cells such as �-SMA, myosin light chain
kinase, and regulators of contraction such as calponin,
tropomyosin 1, and tropomyosin 2 were induced in co-
cultured fibroblasts. Those two major phenotypic
changes suggested that iHDFs co-cultured with keratin-
ocytes differentiated into myofibroblasts.9,36

To further define the underlying mechanisms, we mon-
itored �-SMA protein, the marker for myofibroblast differ-
entiation.9,36 Increased �-SMA protein levels in immuno-
fluorescence and Western blotting confirmed our
hypothesis of extensive myofibroblast differentiation in
co-cultures, which occurred even in the absence of se-
rum. �-SMA induction only started after 4 days suggest-
ing the involvement of multiple endogenous, possibly
paracrine signaling events. It also required close contact
between keratinocytes and fibroblasts pointing to mech-
anisms involving short-range cellular interactions. From
stainings for cadherins we obtained evidence for junc-
tional complexes between the two cell types, yet, the
relevance for �-SMA and TGF-� induction has to remain
open at present. However, whether co-cultured fibro-
blasts were proliferation competent or growth restricted
by irradiation seemed to have little effect on �-SMA in-
duction in this system.

TGF-� family members, TGF-�1, -2, and -3, have been
identified as principal inducers of myofibroblast differen-
tiation,13 making them likely candidates to be up-regu-
lated in our system. Furthermore, gene expression of
PAI-1 and CTGF, two genes strongly associated with
TGF-� responses, were significantly induced in the co-
cultured fibroblasts.37,38 Indeed, in keratinocyte-fibro-
blast co-cultures, production and activation of TGF-�
were strongly increased, as early as 24 to 48 hours,
further pointing to the key role in myofibroblast differen-
tiation in our culture system. Blocking TGF-� activity re-
sulted in a large inhibition of the �-SMA induction ob-
served in fibroblasts on co-culture with keratinocytes.

This TGF-� activation in co-cultures is of particular rele-
vance, because cells secrete TGF-�s in a latent form,
and extracellular activation of this precursor is believed to
represent a major regulatory site of TGF-� activity. Ap-
parently, monocultures do not express the complete ma-
chinery required for efficient activation of latent TGF-�s.39

Close cell-cell contact was also required for activation of
latent TGF-�, previously also observed in co-cultures of
other cell types.40–42 This paralleled very well with the
�-SMA expression pattern providing a possible explana-
tion for the lack of �-SMA induction observed in transwell
cultures. The up-regulation of total TGF-� production in
the co-cultures could in part be because of an autoin-
duction of TGF-�1 gene expression, a mechanism re-
ported in many cell types.43 We also observed an induc-
tion of TGF-�2 mRNA in co-cultured fibroblasts but the
mechanism remains elusive.44

Still, myofibroblast differentiation could not be com-
pletely inhibited through TGF-� neutralization, implying
that other growth factors or alternatively the ECM or both
could contribute in an auxiliary function. There is evi-
dence that the myofibroblast phenotype is at least in part
governed by cell-matrix interactions. For example, ED-A
fibronectin deposition, which follows TGF-� stimulation, is
required for TGF-�-induced myofibroblast differentia-
tion.14 In fact, we observed an increase in the deposition
of ED-A fibronectin on the fibroblast surface in co-cul-
tures as compared to monocultures (data not shown).
Finally, mechanical tension was shown to play a role in
inducing myofibroblast differentiation as had been shown
for fibroblasts embedded in collagen gels or on plastic
dishes.45,46 However, in all systems TGF-� played a
dominant role located up-stream of ECM effects and
mechanical forces.

Although active TGF-� was present in the co-cultures
at early time points, myofibroblast differentiation oc-
curred late. This prompted us to search for endogenous
inhibitors of TGF-�-mediated myofibroblast differentiation
present in early stages of co-culture. It is well docu-
mented that keratinocytes are the primary source of IL-1
activity in keratinocyte-fibroblast co-cultures.18 Keratino-
cyte-derived IL-1 induces the expression of KGF and
other growth factors in co-cultured fibroblasts, which in
turn stimulate keratinocyte proliferation.17,18,34 IL-1 levels
have been determined in keratinocyte-fibroblast co-cul-
tures in detail.18 During the first 48 hours high levels of
IL-1� (up to 350 pg/106 cells/48 hours) and IL-1� (1.450
pg/106 cells/48 hours) have been reported. From day 2
onward IL-1 amounts declined (IL-1�, 50 to 70 pg/106

cells/48 hours; IL-1�, 170 pg/106 cells/48 hours).18 Fur-
thermore, it has been shown that keratinocytes constitu-
tively express high levels of IL-1 receptor antagonist.47

Indeed, we could show in blocking experiments that
co-cultured fibroblasts responded to endogenous, kera-
tinocyte-derived IL-1 with NF-�B activation. However,
with increasing time of co-culture the response dimin-
ished as judged from NF-�B activation levels, which is
consistent with measurements of IL-1 levels in co-cul-
tures.18 Activation of NF-�B has been shown to inhibit
TGF-� signaling.30,31 One study using RelA-deficient and
wild-type fibroblasts showed an up-regulation of Smad7
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after NF-�B stimulation and thus blocking of TGF-� ef-
fects.30 The second study showed in transfection exper-
iments of 293 and HepG2 cells that p300 was limiting for
TGF-� effects on several promoter/reporter constructs
when p65 was co-transfected or endogenous NF-�B ac-
tivated.31 Both studies analyzed Smad7 protein or the
Smad7 promoter; the somehow conflicting results might
among other things indicate cell type-specific responses
associated with the epithelial or mesenchymal cell lin-
eage. Taken together, however, both studies observed
NF-�B-dependent inhibition of TGF-� signaling. This
could explain why TGF-�-stimulated fibroblast monocul-
tures largely failed to up-regulate �-SMA expression,
when co-stimulated with IL-1� and TGF-�. This strongly
suggests that, although endogenous TGF-� activity is
crucial for myofibroblast differentiation in the co-culture
system, its action is blocked by proinflammatory cyto-
kines in early culture stages. Intriguingly in vivo, myofibro-
blasts appear late in the course of wound healing, ie, little
�-SMA expression is observed before 3 days after
wounding, with a strong up-regulation of expression be-
ing observed at 6 days.10 This contrasts with the early
release of active TGF-� from platelets in the wound area.
IL-1� and -� as well as TNF-� are strongly up-regulated
during the first hours after wounding,48 possibly interfer-
ing with TGF-� signaling early on.

Furthermore, at early stages of wound healing, few
keratinocytes and fibroblasts will have direct contact in
the early, still poorly populated granulation tissue. Later,
the cellular density increases massively and it is conceiv-
able that direct cell-cell contacts or close proximity may
occur because of the still regenerating basement mem-
brane zone. This may induce TGF-� synthesis and aug-
ment appearance of myofibroblasts. After epithelial
wound closure, a provisional basement membrane is

regenerated and keratinocytes and fibroblasts are sepa-
rated again. At this time the epithelium seems to trigger
involution of the granulation tissue by still poorly defined
mechanisms.12 Interestingly, in clinical medicine cover-
age of open wounds with split thickness skin or cultured
keratinocyte transplants influences the underlying gran-
ulation tissue. In chronic wounds with delayed healing
characteristics and poorly developed granulation, there
is activation of the underlying dermis with proliferation of
dermal cells. In well-healing wounds, transplanted kera-
tinocytes seem to limit and even induce involution of the
granulation tissue.

For the early and intermediate stages of normal gran-
ulation tissue formation we propose the model outlined in
Figure 9. Early, an inflamed fibroblast phenotype shown
on the left side of the diagram prevails, which later, as
inflammatory activity subsides, differentiates into a myo-
fibroblast. We show for the first time, that keratinocytes
induce dermal fibroblasts to differentiate into myofibro-
blasts. This novel mechanism of keratinocyte-driven myo-
fibroblast differentiation described here requires endog-
enous TGF-� activity and can be antagonized by
keratinocyte-derived or exogenous IL-1. In the physiolog-
ical context of early stages of wound healing, platelets
and inflammatory cells might be the principal inducers of
fibroblast activation without myofibroblast differentiation.
Later, after the inflammatory phase, epidermal-dermal
cell interactions become prominent in driving the wound-
healing response. At this time, myofibroblasts appear
and become the main ECM producers. This requires a
shift from a primarily proinflammatory milieu at the begin-
ning of wound healing to a more TGF-�-dominated one
later.

Acknowledgments

We thank Drs. D.B. Rifkin, N.E. Fusenig, and P. Boukamp
for providing the referenced cell lines; and Drs. B. Eckes,
M. Hafner, and B. Hinz for helpful discussions.

References

1. Chang C, Hemmati-Brivanlou A: Cell fate determination in embryonic
ectoderm. J Neurobiol 1998, 36:128–151

2. Botchkarev VA, Botchkareva NV, Roth W, Nakamura M, Chen LH,
Herzog W, Lindner G, McMahon JA, Peters C, Lauster R, McMahon
AP, Paus R: Noggin is a mesenchymally derived stimulator of hair-
follicle induction. Nat Cell Biol 1999, 1:158–164

3. Werner S, Peters KG, Longaker MT, Fuller-Pace F, Banda MJ, Wil-
liams LT: Large induction of keratinocyte growth factor expression in
the dermis during wound healing. Proc Natl Acad Sci USA 1992,
89:6896–6900

4. Werner S, Smola H, Liao X, Longaker MT, Krieg T, Hofschneider PH,
Williams LT: The function of KGF in morphogenesis of epithelium and
reepithelialization of wounds. Science 1994, 266:819–822

5. Guo L, Yu QC, Fuchs E: Targeting expression of keratinocyte growth
factor to keratinocytes elicits striking changes in epithelial differenti-
ation in transgenic mice. EMBO J 1993, 12:973–986

6. Guo L, Degenstein L, Fuchs E: Keratinocyte growth factor is required
for hair development but not for wound healing. Genes Dev 1996,
10:165–175

7. Werner S, Smola H: Paracrine regulation of keratinocyte proliferation
and differentiation. Trends Cell Biol 2001, 11:143–146

Figure 9. Proposed model for the fibroblast phenotype in the wound envi-
ronment. A balance of proinflammatory and TGF-� stimuli governs the
phenotype of fibroblasts in tissue repair. Fibroblasts initially respond to
PMNs, monocytes/macrophages, and keratinocyte-derived IL-1 with activa-
tion of NF-�B and subsequently with an up-regulation of IL-1-responsive
genes such as KGF, IL-6, and GM-CSF. Although TGF-� activity is present
from platelets and activated keratinocyte-fibroblast interactions, NF-�B acti-
vation seems to interfere with TGF-� signaling. Later, when the wound
environment becomes less proinflammatory dominated, the fibroblasts will
respond to TGF-� and differentiate into myofibroblasts as seen by their
induction of �-SMA, ECM molecules, and matrix-modifying enzymes. Dom-
inant pathways are shown by black arrows. Pathways that are blocked or
do not prevail are indicated by gray arrows.

Fibroblast to Myofibroblast Differentiation 2065
AJP June 2004, Vol. 164, No. 6



8. Grinnell F: Fibroblasts, myofibroblasts, and wound contraction. J Cell
Biol 1994, 124:401–404

9. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA: Myofi-
broblasts and mechano-regulation of connective tissue remodelling.
Nat Rev Mol Cell Biol 2002, 3:349–363

10. Hinz B, Mastrangelo D, Iselin CE, Chaponnier C, Gabbiani G: Me-
chanical tension controls granulation tissue contractile activity and
myofibroblast differentiation. Am J Pathol 2001, 159:1009–1020

11. Hinz B, Celetta G, Tomasek JJ, Gabbiani G, Chaponnier C: Alpha-
smooth muscle actin expression upregulates fibroblast contractile
activity. Mol Biol Cell 2001, 12:2730–2741

12. Desmouliere A, Redard M, Darby I, Gabbiani G: Apoptosis mediates
the decrease in cellularity during the transition between granulation
tissue and scar. Am J Pathol 1995, 146:56–66

13. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G: Transforming
growth factor-beta 1 induces alpha-smooth muscle actin expression
in granulation tissue myofibroblasts and in quiescent and growing
cultured fibroblasts. J Cell Biol 1993, 122:103–111

14. Serini G, Bochaton-Piallat ML, Ropraz P, Geinoz A, Borsi L, Zardi L,
Gabbiani G: The fibronectin domain ED-A is crucial for myofibroblas-
tic phenotype induction by transforming growth factor-beta1. J Cell
Biol 1998, 142:873–881

15. Kupper TS: The activated keratinocyte: a model for inducible cytokine
production by non-bone marrow-derived cells in cutaneous inflam-
matory and immune responses. J Invest Dermatol 1990, 94(Suppl
6):146S–150S

16. Smola H, Thiekotter G, Fusenig NE: Mutual induction of growth factor
gene expression by epidermal-dermal cell interaction. J Cell Biol
1993, 122:417–429

17. Maas-Szabowski N, Stark HJ, Fusenig NE: Keratinocyte growth reg-
ulation in defined organotypic cultures through IL-1-induced keratin-
ocyte growth factor expression in resting fibroblasts. J Invest Derma-
tol 2000, 114:1075–1084

18. Maas-Szabowski N, Shimotoyodome A, Fusenig NE: Keratinocyte
growth regulation in fibroblast cocultures via a double paracrine
mechanism. J Cell Sci 1999, 112:1843–1853

19. Rheinwald JG, Green H: Serial cultivation of strains of human epider-
mal keratinocytes: the formation of keratinizing colonies from single
cells. Cell 1975, 6:331–343

20. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A,
Fusenig NE: Normal keratinization in a spontaneously immortalized
aneuploid human keratinocyte cell line. J Cell Biol 1988, 106:761–771

21. Abe M, Harpel JG, Metz CN, Nunes I, Loskutoff DJ, Rifkin DB: An
assay for transforming growth factor-beta using cells transfected with
a plasminogen activator inhibitor-1 promoter-luciferase construct.
Anal Biochem 1994, 216:276–284

22. Skalli O, Ropraz P, Trzeciak A, Benzonana G, Gillessen D, Gabbiani
G: A monoclonal antibody against alpha-smooth muscle actin: a new
probe for smooth muscle differentiation. J Cell Biol 1986, 103:2787–
2796

23. Sanchez-Madrid F, Krensky AM, Ware CF, Robbins E, Strominger JL,
Burakoff SJ, Springer TA: Three distinct antigens associated with
human T-lymphocyte-mediated cytolysis: lFA-1, LFA-2, and LFA-3.
Proc Natl Acad Sci USA 1982, 79:7489–7493

24. Chomczynski P, Sacchi N: Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Bio-
chem 1987, 162:156–159

25. Dignam JD, Lebovitz RM, Roeder RG: Accurate transcription initiation
by RNA polymerase II in a soluble extract from isolated mammalian
nuclei. Nucleic Acids Res 1983, 11:1475–1489

26. Sen R, Baltimore D: Multiple nuclear factors interact with the immu-
noglobulin enhancer sequences. Cell 1986, 46:705–716

27. Iyer VR, Eisen MB, Ross DT, Schuler G, Moore T, Lee JC, Trent JM,
Staudt LM, Hudson Jr J, Boguski MS, Lashkari D, Shalon D, Botstein
D, Brown PO: The transcriptional program in the response of human
fibroblasts to serum. Science 1999, 283:83–87

28. Stark HJ, Baur M, Breitkreutz D, Mirancea N, Fusenig NE: Organo-
typic keratinocyte cocultures in defined medium with regular epider-

mal morphogenesis and differentiation. J Invest Dermatol 1999, 112:
681–691

29. Breitkreutz D, Schoop VM, Mirancea N, Baur M, Stark HJ, Fusenig
NE: Epidermal differentiation and basement membrane formation by
HaCaT cells in surface transplants. Eur J Cell Biol 1998, 75:273–286

30. Bitzer M, von Gersdorff G, Liang D, Dominguez-Rosales A, Beg AA,
Rojkind M, Bottinger EP: A mechanism of suppression of TGF-beta/
SMAD signaling by NF-kappa B/RelA. Genes Dev 2000, 14:187–197

31. Nagarajan RP, Chen F, Li W, Vig E, Harrington MA, Nakshatri H, Chen
Y: Repression of transforming-growth-factor-beta-mediated tran-
scription by nuclear factor kappaB. Biochem J 2000, 348:591–596

32. Limat A, Hunziker T, Boillat C, Noser F, Wiesmann U: Postmitotic
human dermal fibroblasts preserve intact feeder properties for epi-
thelial cell growth after long-term cryopreservation. In Vitro Cell Dev
Biol 1990, 26:709–712

33. Limat A, Hunziker T, Boillat C, Bayreuther K, Noser F: Post-mitotic
human dermal fibroblasts efficiently support the growth of human
follicular keratinocytes. J Invest Dermatol 1989, 92:758–762

34. Szabowski A, Maas-Szabowski N, Andrecht S, Kolbus A, Schorpp-
Kistner M, Fusenig NE, Angel P: c-Jun and JunB antagonistically
control cytokine-regulated mesenchymal-epidermal interaction in
skin. Cell 2000, 103:745–755

35. Smola H, Stark HJ, Thiekotter G, Mirancea N, Krieg T, Fusenig NE:
Dynamics of basement membrane formation by keratinocyte-fibro-
blast interactions in organotypic skin culture. Exp Cell Res 1998,
239:399–410

36. Serini G, Gabbiani G: Mechanisms of myofibroblast activity and phe-
notypic modulation. Exp Cell Res 1999, 250:273–283

37. Igarashi A, Okochi H, Bradham DM, Grotendorst GR: Regulation of
connective tissue growth factor gene expression in human skin fibro-
blasts and during wound repair. Mol Biol Cell 1993, 4:637–645

38. van der Kruijssen CM, Feijen A, Huylebroeck D, van den Eijnden-van
Raaij AJ: Modulation of activin expression by type beta transforming
growth factors. Exp Cell Res 1993, 207:407–412

39. Munger JS, Harpel JG, Gleizes PE, Mazzieri R, Nunes I, Rifkin DB:
Latent transforming growth factor-beta: structural features and mech-
anisms of activation. Kidney Int 1997, 51:1376–1382

40. Sato Y, Rifkin DB: Inhibition of endothelial cell movement by pericytes
and smooth muscle cells: activation of a latent transforming growth
factor-beta 1-like molecule by plasmin during co-culture. J Cell Biol
1989, 109:309–315

41. Sato Y, Tsuboi R, Lyons R, Moses H, Rifkin DB: Characterization of
the activation of latent TGF-beta by co-cultures of endothelial cells
and pericytes or smooth muscle cells: a self-regulating system. J Cell
Biol 1990, 111:757–763

42. Antonelli-Orlidge A, Smith SR, D’Amore PA: Influence of pericytes on
capillary endothelial cell growth. Am Rev Respir Dis 1989, 140:1129–
1131

43. Kim SJ, Angel P, Lafyatis R, Hattori K, Kim KY, Sporn MB, Karin M,
Roberts AB: Autoinduction of transforming growth factor beta 1 is
mediated by the AP-1 complex. Mol Cell Biol 1990, 10:1492–1497

44. Smola H, Thiekotter G, Fusenig NE: Organotypic and epidermal-
dermal co-culture of normal human keratinocytes and dermal cells:
regulation of transforming growth factor alpha, beta-1 and beta-2
mRNA levels. Toxic in Vitro 1994, 8:641–650

45. Arora PD, Narani N, McCulloch CA: The compliance of collagen gels
regulates transforming growth factor-beta induction of alpha-smooth
muscle actin in fibroblasts. Am J Pathol 1999, 154:871–882

46. Kessler D, Dethlefsen S, Haase I, Plomann M, Hirche F, Krieg T,
Eckes B: Fibroblasts in mechanically stressed collagen lattices as-
sume a “synthetic” phenotype. J Biol Chem 2001, 276:36575–36585

47. Kang K, Hammerberg C, Cooper KD: Differential regulation of IL-1
and IL-1 receptor antagonist in HaCaT keratinocytes by tumor necro-
sis factor-alpha and transforming growth factor-beta 1. Exp Dermatol
1996, 5:218–226

48. Hubner G, Brauchle M, Smola H, Madlener M, Fassler R, Werner S:
Differential regulation of pro-inflammatory cytokines during wound
healing in normal and glucocorticoid-treated mice. Cytokine 1996,
8:548–556

2066 Shephard et al
AJP June 2004, Vol. 164, No. 6


